Stable remanent magnetization of a granite-aplite dyke forms stripes of normal and reversed polarity. Phenomenological evidence suggests that the different polarities are caused by self-reversal of ilmenohematite, the carrier of stable remanence. Thermal experiments show an 'imperfect' self-reversal which is based on the presence of two interacting phases with different Curie points within the exsolved ilmenohematite. Perfect self-reversal of natural remanent magnetization may have occurred during the original slow cooling of the granite-aplite dykes which, below the blocking temperature, obviously have the same cooling history as the main Bergell granite massif.
Introduction
Studies of natural remanent magnetization (NRM) of granitic rocks often report curious results which are not fully understood. The anomalous magnetic features may originate from a complicated cooling history, complex structural relations (inhomogeneity, anisotropy), and the widely varying content and behaviour of different magnetic minerals in these rocks. For instance, SPALL and NOLTIMIER (1972) observed stable and randomly oriented NRM directions in a pre-Cambrian granite. MERRIL and GROMME (1969) reported reversed magnetization in a diorite which they argued was caused by self-reversal of ilmenohematite.
HELLER (1971) measured both normal and reversed stable remanent magnetization in ilmenohematite from the Tertiary Bergell massif (Switzerland). He also discovered multiple reversals of stable NRM in certain granite-aplite dykes of this intrusive body and postulated that the normally magnetized rocks were self-reversed. In this paper a detailed magnetic investigation of such a dyke is presented.
Geologic Setting and Ferromagnetic Minerals
The Bergell massif is situated at the Swiss-Italian frontier to the north of the Insubric fault-line between Val Bregaglia and Val Tellina (Fig. 1) . The *Contribution No. 88, Geophysics Department, ETH Zurich. northern part of the intrusion mainly consists of porphyritic rocks ranging from granodiorites to granites. Biotite ages fall around 25 my (ARMSTRONG et al., 1966) . A less common rock type in this region are fine to intermediate grained granite-aplite dykes, varying in thickness from a few centimetres to a few metres. These dykes generally strike E-w and dip steeply to the N. The dyke structure is characterized by planar alignment of biotite grains arranged more or less parallel to the dyke boundaries.
The ferromagnetic minerals are very inhomogeneously distributed within the dykes and amount up to 1% Vol. Two main phases are found. Nearly pure magnetite, often associated with chloritized biotite, forms idiomorphic grains of octahedral shape. The observed grain size varies between 0.2 and 3.0 mm. The other important magnetic mineral is ilmenohematite, the grain size of which varies like that of magnetite. Ilmenohematite grains tend to be irregular because of corrosion by feldspars and quartz. Three exsolved phases within the ilmenohematite are observed: rutile, ferrilmenite and titanhematite, the latter being the only visible ferromagnetic constituent at room temperature. Most of the ilmenohematite grains have a groundmass of titanhematite with embedded exsolutions of ferrilmenite and rutile. Ferrilmenite often is enriched at the grain margin. In many cases a second generation of titanhematite has been found within the ferrilmenite exsolutions. Very seldom ilmenohematite is associated with magnetite.
To run thermomagnetic measurements (first data given in HELLER, 1972) both ferromagnetic minerals were extracted from the rocks and had to be separated because of the low saturation magnetization of ilmenohematite present. The magnetite Curie temperatures vary between 560C and 580C being in excellent agreement with electron microprobe data which indicate only very small amounts of Ti (0.1% wt.) and Mn (0.2% wt.) and traces of Cr, Co and V. JS-T curves of ilmenohematite are characterized by distinct Curie (Neel) temperatures varying between 590C and 625C. They may be attributed to the titanhematite phase visible under the ore microscope. A second, more or less distinct inflexion is observed at about 200C. No microscopic evidence of a phase belonging to this temperature is found in the ilmenohematite grains. Ferrilmenite Curie temperatures range around T-100C.
Microprobe analysis has been proved doubtful when analysing exsolved phases of ilmenohematite. The titanhematite phase was analysed to have about 8% wt. of Ti which would correspond to a Curie temperature of T400C. The close intergrowth of titanhematite and ferrilmenite lamellae (the visible size of which is ranging down to the limit of observation) and perhaps a third phase belonging to T ti 200C prevent successful microprobe application. Thus only the cross composition of ilmenohematite has been calculated being about 0.4 FeTiO3.0.6 Fe2O3. Minor amounts of Mn (up to 1% wt.) and traces of Co and V are present.
Results of Magnetic Measurements
During the present investigation we have sampled a granite-aplite dyke about one metre in width which is situated (Fig. 1) near the boundary between normally and reversely magnetized portions of the intrusion (EGLOFF, 1971; HELLER, 1971) . The dyke strikes E-W with a dip of 70 to the N. Samples were cored along 5 dyke-crossing profiles which are spread over a lateral distance of 80 m (cf. sketch map, Fig. 2 ). Natural remanent magnetization and initial susceptibility have been measured for more than a hundred specimens from the 5 profiles.
Both NRM and initial susceptibility show great scatter throughout the profiles (Fig. 2) . The susceptibility values of the dyke rocks range between 1 to 400 pG/Oe, the variation being due mainly to an obvious inhomogeneous distribution of magnetite. The susceptibilities of the neighbouring porphyritic rocks have average values which are ten times higher than those of the dyke rocks. Within the dyke the coarser grained rock types generally possess the higher susceptibilities. A strong susceptibility anisotropy was found in all dyke rocks measured (N=11) with a well defined plane of greatest susceptibility (an of 1cmin-directions equals 7.0) striking E-W and dipping steeply (70) to the S. The direction of Kmax is not clustered but tends to be scattered throughout the plane of greatest susceptibility. The shape of the anisotropy ellipsoid of the dyke rocks is always oblate, i.e. planar elements are preferred. The neighbouring porphyritic granites have both well grouped significant planar and linear magnetic fabric elements, the planar alignment being coincident with that of the dyke rocks.
The NRM shows a large scatter in both intensity and direction. Two vague antiparallel preferred directions may be recognized. The directional scatter is caused partly by unstable magnetization of the magnetite present in these rocks. After AC-demagnetization ( Fig. 3) with peak fields Hmax 100 Oe most of the specimens reach a level of stable remanent magnetization. We define such an AC-cleaned NRM as the characteristic remanent magnetization (ChRM). The stable magnetization is observed to be carried by ilmenohematite.
The directions of ChRM define roughly antiparallel groupings:
where Dn, r and In, r denote the mean declination and inclination of normal and reverse specimens respectively, a95 gives FISHER'S (1953) 95%-confidence circle, k is the precision parameter, and N indicates the number of specimens. ACdemagnetization up to fields as high as 3000 Oe shows that the ChRM is destroyed by peak fields higher than 2000 Oe. The ChRM directions of the neighbouring porphyritic granites are always normally polarized and the polarity transition from reversed dyke rocks to normal porphyritic rocks is directly connected to the petrological phase change. From the ChRM polarity distribution (Fig. 2) along the 5 profiles it is apparent that the dyke can be divided into zones of alternating polarity. Position, number and thickness of these polarity zones is different in each profile. Even within a single profile the magnetic characteristics of the N-and R-zones differ, often markedly. Scatter is greater in the N-zones (cf. the above k-values), and intermediate directions are found as the zone boundaries are approached.
Intensities also tend to be lower in the N-zones (Fig. 4) . These between-zone differences probably reflect a self-reversal origin for the remanent magnetism of the N-polarity zones. The ChRM mean directions were calculated after certain samples with intermediate directions had been discarded. When intermediate specimens (height=3.6 cm, diameter=4.2 cm) were cut down to a smaller size (height 0.2 cm), it was found that most of these thin discs again displayed either the usual N-or R-polarity. Some of the discs still had intermediate directions which were proved to be due to the presence and integrated effect of normal and reversed magnetized single grains of ilmenohematite.
The directional results of the 5 profiles suggest that the polarity zones are arranged in stripes or plates which have a strike slightly oblique to the strike of the dyke (Fig. 5) . Unfortunately field measurements were not successful in following up the proposed stripe model because of the great inhomogeneity of the rockmagnetic parameters and in some cases because of essential differences of NRM and ChRM vectors. The above mean declinations of ChRM are quite unusual for middleEuropean Miocene rocks which may be averaged by D=5 and I=70 referring to the Bergell area. Our data are influenced by an alignment of ilmenohematite trigonal axes as well as by postintrusive anti-clockwise rotation of the Bergell massif (HELLER, 1973) .
The different polarity stripes of AC-cleaned NRM are thought to be caused by some kind of self-reversal, the arguments being phenomenological and similar to those mentioned earlier (HELLER, 1971) for the porphyritic rocks, viz. very sharp polarity transitions, different oxidation state of ilmenohematite (second generation of exsolved titanhematite more pronounced in normal samples), systematic differences of ChRM-intensity between normal and reversed rocks, higher ChRM directional scatter of the normal rocks and the fact that porphyritic rocks and dykes showing no mutual thermal influence on their remanent magnetization are polarized independently.
Thermal Experiments and Discussion
To further study the suggested self-reversal, a simple furnace for a DIGICO spinnermagnetometer at Newcastle upon Tyne was designed (Fig. 6) . In this apparatus 'non-inductive' windings of heating wire are packed on a tube of vitreosil and are isolated from the fluxgates by a dewar and a water-cooled leadjacket. Inside the vitreosil tube a spectrosil shaft containing the sample can be rotated and the magnetic moment of the sample (max. diameter: 1 cm) can be recorded continuously during heating and cooling in air between 20C and 700C. The Pt-PtRh 13 thermocouples inside the spectrosil shaft are kept stationary to avoid disturbing the sample signal. Any remaining 50 Hz induction signals from the heating coil are removed by filtering. The magnetometer has nearly the same sensitivity as the usual non-shielded version of this instrument working at room temperature.
As ChRM is carried by ilmenohematite only, single grains of ilmenohematite were separated out of normal and reversed specimens for thermal experiments. The strong contribution of the magnetite phase was thus avoided. Next, each ilmenohematite grain was heated to an arbitrary maximum temperature and then allowed to cool while the magnetization was measured continuously in zero field. This process was repeated with successively higher maximum temperatures until a point just beneath the Curie or Neel temperature was reached (Fig. 7) . Intensity was observed to increase up to temperatures of about 200C. Above that temperature the usual intensity loss with increasing temperature was found, the remanent magnetism vanishing at about 590C. On cooling in zero field the initial intensity was recovered even after heating up to temperatures just below the Curie temperature. The Curie temperature was measured independently using a high field translation balance. Blocking of remanent magnetization was found to take place in a range of about 5C just below the Curie temperature, indicating single domain-or pseudo single domain-behaviour of the ilmenohematite grains which have a volume of up to 12 mm3. Thus, the increase in intensity during cooling is caused by the increase in spontaneous magnetization of a high Curie point phase, whereas the decrease of remanent magnetism below 200C seems to arise from a low Curie point phase which is coupled magnetically to the former phase by some kind of negative interaction. The reversed low Curie point component observed so far is not strong enough to change the sign of the remanent magnetization vector during laboratory cooling of both the normal and the reversed rocks. The measurements indicate that the intensity of the reversed component in normal grains usually is much higher than in reversed grains. JS-T curves of normal rocks also show the Curie temperature found at T200C much more distinct. Besides intensity differences the thermal behaviour of remanent magnetism does not vary from normal to reversed rocks. From the solvus for the system x (FeTiO3) (1-x) Fe203 (CARMICHAEL, 1961) a phase with x=0.5 (corresponding to T-200C) would appear to be unlikely in slowly cooled rocks. Nevertheless, the data presented here apparently indicate that such a phase can crystallize under the cooling conditions of the Bergell intrusion, although perhaps only as very small (late-stage?) clusters.
Alternatively the decrease of remanence at lower temperatures could be caused by a P-type sublattice interaction, in which case the decrease should take place regardless of the strength of the applied field. Figure 8 illustrates normalized heating curves of TRM produced by different fields. With increasing field strength from 0.5 Oe to 2500 Oe the reversed component is diminished. An interaction of two separate phases is therefore preferred. On producing the TRM in these experiments, the magnetic field was kept applied throughout the cooling process. Therefore the interaction field must be of the order of 3000 Oe. Interaction between ilmenohematite and magnetite can be excluded, as both minerals are associated very seldom and the total amount of magnetic minerals in the rocks investigated is well below 1 % Vol. The thermal behaviour of NRM and artificial TRM intensity produced by a field of 0.5 Oe, which is probably of the order of the Tertiary palaeofield, is compared in Fig. 9 . The NRM, which does not change sign on cooling below room temperature, has a much higher intensity than the artificial TRM, and the latter is seen to decrease with prolonged annealing time. Annealing also raises the lower Curie temperature. This suggests that the NRM intensity of the high Curie point phase reflects a more ordered state which develops during the extremely slow cooling of the whole massif, although Isx1KAWA and SYONO (1963) deny the possibility of ordering for (artificial) specimens with x<0.4. When producing TRM, the order is destroyed following a logarithmic law with respect to the annealing time at 650C. The same disorder process seems to hold for the low Curie point phase and leads to a rise of the Curie temperature and to a reduction of the magnetization intensity of this phase. On the other hand an ordering process during the original slow cooling working in the opposite sense, i.e. building up high NRM-intensities and leading to a decrease of the low Curie temperature which perhaps started at temperatures around 600C, possibly has produced a perfect self-reversal. This process may have taken place only in the normal rocks, which obviously exhibit higher amounts of the now low Curie point phase, in a way that the now high Curie point phase was magnetized reversely with respect to the ambient field by a negative interaction with the then also high, but now low Curie point phase. This, of course, is a very speculative interpretation of an experimental evidence which yields only 'imperfect' self= reversal in both normally and reversely magnetized rocks, but we should keep in mind that the complex history of granite and granite dyke formation might allow complex magnetization processes.
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